An expansion of polyglutamines in the N terminus of huntingtin causes Huntington's disease (HD) and results in the accrual of mutant protein in the nucleus and cytoplasm of affected neurons. How mutant huntingtin causes neurons to die is unclear, but some recent observations suggest that an autophagic process may occur. We showed previously that huntingtin markedly accumulates in endosomal-lysosomal organelles of affected HD neurons and, when exogenously expressed in clonal striatal neurons, huntingtin appears in cytoplasmic vacuoles causing cells to shrink. Here we show that the huntingtin-enriched cytoplasmic vacuoles formed in vitro internalized the lysosomal enzyme cathepsin D in proportion to the polyglutamine-length in huntingtin. Huntingtin-labeled vacuoles displayed the ultrastructural features of early and late autophagosomes (autolysosomes), had little or no overlap with ubiquitin, proteasome, and heat shock protein 70/heat shock cognate 70 immunoreactivities, and altered the arrangement of Golgi membranes, mitochondria, and nuclear membranes. Neurons with excess cytoplasmic huntingtin also exhibited increased tubulation of endosomal membranes. Exogenously expressed human full-length wild-type and mutant huntingtin codistributed with endogenous mouse huntingtin in soluble and membrane fractions, whereas human N-terminal huntingtin products were found only in membrane fractions that contained lysosomal organelles. We speculate that mutant huntingtin accumulation in HD activates the endosomal-lysosomal system, which contributes to huntingtin proteolysis and to an autophagic process of cell death.
An expansion of polyglutamines in the N terminus of huntingtin causes Huntington's disease (HD) and results in the accrual of mutant protein in the nucleus and cytoplasm of affected neurons. How mutant huntingtin causes neurons to die is unclear, but some recent observations suggest that an autophagic process may occur. We showed previously that huntingtin markedly accumulates in endosomal-lysosomal organelles of affected HD neurons and, when exogenously expressed in clonal striatal neurons, huntingtin appears in cytoplasmic vacuoles causing cells to shrink. Here we show that the huntingtin-enriched cytoplasmic vacuoles formed in vitro internalized the lysosomal enzyme cathepsin D in proportion to the polyglutamine-length in huntingtin. Huntingtin-labeled vacuoles displayed the ultrastructural features of early and late autophagosomes (autolysosomes), had little or no overlap with ubiquitin, proteasome, and heat shock protein 70/heat shock cognate 70 immunoreactivities, and altered the arrangement of Golgi membranes, mitochondria, and nuclear membranes. Neurons with excess cytoplasmic huntingtin also exhibited increased tubulation of endosomal membranes. Exogenously expressed human full-length wild-type and mutant huntingtin codistributed with endogenous mouse huntingtin in soluble and membrane fractions, whereas human N-terminal huntingtin products were found only in membrane fractions that contained lysosomal organelles. We speculate that mutant huntingtin accumulation in HD activates the endosomal-lysosomal system, which contributes to huntingtin proteolysis and to an autophagic process of cell death.
Key words: Huntington's disease; autophagy; lysosomes; endosome tubulation; cathepsin D; N-terminal huntingtin; huntingtin proteolysis
Huntingtin is a protein of unknown function, is enriched in neurons, and resides mainly in the cytoplasm. An expanded polyglutamine tract in the N terminus of huntingtin causes Huntington's disease (HD), a neurological disorder associated with the selective loss of striatal and cortical neurons (Vonsattel and DiFiglia, 1998) . Neurons affected in HD accumulate mutant huntingtin in the nucleus and cytoplasm Sapp et al., 1997; Gutekunst et al., 1998) . Although the cause of protein accumulation in HD is unknown, experimental models developed in mice and in cell cultures have demonstrated that an excess of mutant huntingtin, especially the N-terminal region, in the nucleus or cytoplasm can cause cellular dysfunction or cell death Saudou et al., 1998; Peters et al., 1999) . Features of apoptosis have been reported in some of these models, but the process of cell death in HD still remains unclear.
We showed that, in dying neurons in the HD brain, huntingtin aberrantly accumulated in perinuclear regions and in numerous punctate cytoplasmic structures that resembled endosomal-lysosomal organelles . These results may be important in understanding how mutant huntingtin induces cell death because the endosomal-lysosomal-vacuolar pathway has been tied to the handling of other disease proteins, such as prions and A␤ peptide 1-42 (Taraboulos et al., 1992; Cataldo et al., 1996) , and to cell death by autophagy, a process whereby cells remove cytosolic proteins and organelles and degrade themselves from within. Autophagy may precede and coexist with apoptosis, can be induced by apoptotic stimuli in the presence of caspase inhibitors (Xue et al., 1999) , and may contribute to cell death in neurons through the regulation of lysosomal proteases cathepsin B and D (Ohsawa et al., 1998) .
We described recently an in vitro model of HD using a clonal mouse striatal cell line transiently transfected with human huntingtin (Kim et al., 1999a) . The exogenous wild-type and mutant huntingtins accumulated diffusely in the cytoplasm and formed cytoplasmic vacuoles or nuclear and cytoplasmic inclusions (mutant huntingtin only). Cells with cytoplasmic vacuoles became shrunken, whereas cells with inclusions did not. Like inclusions, the vacuoles localized N-terminal fragments of huntingtin. Previously, we observed that endogenous wild-type and mutant huntingtin associate with endosomes in primary fibroblasts (Velier et al., 1998) and that huntingtin accumulates in lysosomal-like organelles in the HD brain . In view of these results, we undertook biochemical, immunohistochemical, and electron microscopy studies to further characterize vacuoles that accumulate exogenous huntingtin and other effects of huntingtin expression in the cytoplasm of clonal striatal cells. We found that the vacuoles associated with exogenous huntingtin incorporated the lysosomal enzyme cathepsin D in proportion to polyglutamine length in huntingtin and had the ultrastructural features of autophagosomes. N-terminal fragments of huntingtin were mainly found in membrane fractions that contained vacuoles. Huntingtin expression also induced extensive tubulation of endosomal membranes. We speculate that the endosomal-lysosomal system is the main path for huntingtin degradation and proteolysis and that autophagy contributes to cell death in HD.
MATERIALS AND METHODS
Antibodies. Antisera used in this study were directed against the following peptides or proteins: huntingtin (Ab1) (DiFiglia et al., 1995); FL AG (clone M5) and ␤-tubulin isotype III (monoclonals; Sigma, St. L ouis, MO); calnexin C terminus (polyclonal; Stressgen, Victoria, British Columbia, C anada); GM130 and syntaxin 6 (monoclonals; Transduction Laboratories, Lexington, K Y); transferrin receptor (monoclonal; Zymed Laboratories, San Francisco, CA); histone (monoclonal; Boehringer Mannheim, Indianapolis, I N); ubiquitin (polyclonal; Dako, C arpinteria, CA); C2 subunit of proteasome and the whole complex (polyclonals) (Mengual et al., 1996) ; cathepsin D [d23, made in sheep, gift of Dr. Ann C ataldo (Nathan S. K line Institute for Psychiatric Research, Orangeburg, N Y and New York University, New York, N Y) (C ataldo et al., 1996) ; polyclonal Ab-2 (Oncogene, C ambridge, M A)]; rab7 (goat polyclonal; Santa Cruz Biotechnology, Santa Cruz, CA); and heat shock protein 70/ heat shock cognate 70 (HSC70) (HSP70/ HSC70) and lysosome-associated membrane protein-2 (L AM P2) (monoclonals; Stressgen). Secondary antibodies included Bodipy FL anti-mouse IgG (Molecular Probes, Eugene, OR), C y3 antirabbit IgG (Jackson ImmunoResearch, West Grove, PA), and Texas Red anti-sheep IgG (Vector Laboratories, Burlingame, CA).
E xpression constructs. The construction of expression plasmids used in this study has been described previously (K im et al., 1999a) . Briefly, two series of constructs, F H 3221 and F H 9774 , were made using pCDNA3 (Invitrogen, C arlsbad, CA) in which the sequence for FL AG was followed in frame with the first 3221 base pairs or 9774 base pairs of wild-type huntingtin cDNA. The F H constructs were modified to have variable CAG repeat lengths (18, 46, or 100) and are designated F H 3221 -18, F H 3221 -46, and F H 3221 -100 and F H 9774 -18, F H 9774 -46, and F H 9774 -100. In addition, we subcloned the first 3221 base pairs of the huntingtin cDNA with 18 or 100 glutamines into pCDNA3 without the FL AG tag, and these constructs are designated H 3221 -18 and H 3221 -100. The plasmid containing the cDNA for the c-Jun N-terminal protein kinase (JN K)-interacting protein 1 (JI P1) (Yasuda et al., 1999) preceded by a FL AG tag was a generous gift of Dr. R. J. Davis (Howard Hughes Medical Institute, University of Massachusetts Medical School, Worcester, M A). All expression plasmids contained the cytomegalovirus promoter.
Cell culture and transfections. C lonal striatal cells (X57) were produced by somatic cell f usion of embryonic day 18 mouse striatal neurons with neuroblastoma cells (N18TG2) (Wainwright et al., 1995) . C ells were cultured in DM EM with high glucose (4.5 gm / l) supplemented with 10% fetal bovine serum and 50 U/ml penicillin -streptomycin at 37°C, with 5% CO 2 . All culture reagents were obtained from Life Technologies (Grand Island, N Y) . C ells were transiently transfected using the activated dendrimer Superfect Transfection Reagent (Qiagen, Valencia, CA). C ells were grown to 80% confluency in 100 mm tissue culture dishes, washed once with serum-free medium (DM EM), and then incubated with a mixture of 120 l of Superfect reagent and 25 g of DNA in 3 ml of complete medium at 37°C for 3 hr. Transfection medium was removed and replaced with normal growth medium. For immunocytochemistry, cells were trypsinized and plated on to uncoated glass coverslips directly after transfection. Mock transfections included the expression vector with no insert or the vector with FL AG sequence.
Subcellular f ractionation and Western blot anal ysis. C ells were washed three times with ice-cold PBS and then scraped in 1 ml of homogenization buffer (in mM: 10 triethanolamine, 10 acetic acid, 250 sucrose, 1 EDTA, and 1 mM DTT, pH 7.4) with protease inhibitors (complete, mini-EDTAfree; Boehringer Mannheim). C ells were passed 15 times through a 26.5 gauge needle and monitored by light microscopy until 95% disruption was achieved. Crude homogenates (CH) were centrif uged at 2000 ϫ g at 4°C for 10 min to obtain a crude pellet (P1). The low-speed supernatant (S1) was centrif uged at 100,000 ϫ g for 1 hr at 4°C to obtain the high-speed pellet (P2) and the high speed supernatant (S2). All pellets were washed twice in homogenization buffer and resuspended in a small volume of the same buffer. Equal amounts of protein from each fraction were analyzed by SDS-PAGE on 10% acrylamide low-bis (0.05%) gels using a N,NЈ-diallyltartardiamide (DATD) stacking gel, and Western blot analysis was performed as described previously . Antibody dilutions for Western blotting were as follows: Huntingtin, Ab1, 0.5 g /ml; calnexin, 1:1000; GM130, 1:250; proteasome (C2 subunit), 1:1000; transferrin receptor, 1:1000; histone, 5 g /ml; cathepsin D (Ab-2), 2.5 g /ml; HSP70/ HSC70, 1 g /ml; and ␤-tubulin, isotype III, 1:1000.
Isolation of nuclei. C ells were disrupted as described above, except the homogenization buffer (in mM: 20 Tricine-NaOH, 250 sucrose, 25 KC l, and 5 MgC l 2 , pH 7.8 plus protease inhibitors) was changed to favor the isolation of intact nuclei. Homogenization was monitored by light microscopy and care was taken not to disrupt nuclei. Homogenates were centrif uged at 2000 ϫ g at 4°C for 10 min. The supernatant (S1) was removed, the crude pellet was washed once, and nuclei were reisolated by centrif ugation and resuspended in 1 ml of buffer (P1). This crude nuclear fraction was brought to 25% iodixanol (Optiprep; Accurate Chemicals, Westbury, N Y) and layered on a discontinuous iodixanol gradient (30%, 35%). Gradients were centrif uged in a SW41 swing bucket rotor at 10,000 ϫ g for 20 min at 4°C. The first and second layers were collected separately. The nuclei at the 30%/35% interface were collected, and the final layer was collected. Equal volumes from each fraction were analyzed by SDS-PAGE and Western blot as described above.
Immunoc ytochemistr y and confocal microscopy. C ells were grown on uncoated glass coverslips for the indicated times after transfection and washed twice with PBS containing 1 mM CaCl 2 and 1 mM MgC l 2. Cells were then fixed for 20 min with 4% paraformaldehyde in PBS containing calcium and magnesium ions. Subsequent washes were done with PBS without Mg 2ϩ /C a 2ϩ . C ells were washed twice, permeablized with 0.2% Triton X-100 in PBS for 30 min, and then incubated in blocking solution (4% normal goat serum in PBS) for 1 hr at room temperature. Fixed cells were incubated in primary antibodies diluted in blocking solution overnight at 4°C. Antibodies were used at the following dilutions: Ab1, 0.5 g /ml; Ab585, 1:500; M5, 10 g /ml; anti-ubiquitin, 1:100; anti-GM130, 1:50; anti-cathepsin D (Oncogene), 1:500; anti-transferrin receptor, 4 g/ ml; HSP70/ HSC70, 5 g /ml; and anti-proteasome (whole complex), 1:500. C ells were then incubated with secondary antibodies (1:500) for 2 hr at room temperature, washed five times with PBS, and then dehydrated step-wise and mounted in C ytoseal 60 (Stephens Scientific, Riverdale, NJ). Individual images for each excitation wavelength (488 and 568 nm) were obtained using a Bio-Rad (Hercules, CA) 1024 laser confocal microscope through a 100ϫ objective with oil immersion and merged in Adobe Systems (Salinas, CA) Photoshop to determine colocalization. Densitometry of cathepsin D labeling was performed using Sigma Scan Pro (Jandel Scientific, San Rafael, CA). For each labeled cell, the average signal intensity for cathepsin D in the region occupied by FL AG-positive vacuoles was determined. The average signal intensity for cathepsin D in an equivalent area of a nearby FL AG-negative cell was obtained and subtracted from the average intensity obtained in the FL AG-positive cell. Student's t test was used to compare the mean corrected average signal intensities.
Electron microscopy. C ells were plated and transfected in plastic tissue culture dishes, allowed to grow, fixed with 4% paraformaldehyde for 20 min, permeabilized with 0.1% Triton X-100 for 5 min, and blocked 1 hr in 4% normal goat serum. Fixed cells were incubated overnight at 4°C with the monoclonal antibody M5 (10 g /ml) in blocking solution. The primary antibody was detected using an ABC kit (Vector Laboratories) with DAB or with gold-labeled (5 nm) Protein A (Goldmark Biochemicals, Phillipsburg, NJ). C ells were post-fixed with 2.5% glutaraldehyde, treated with 1% osmium and 1% uranyl acetate, sequentially dehydrated through 50, 70, 90, and 100% ethanol, and embedded using an ethanol soluble Epon mix (L x112; L ADD). The plastic from the dish was broken away from the embedded cells, which were thin sectioned and viewed using a JEOL 100C X electron microscope. The P1 pellet was prepared using the method described above for isolation of nuclei but without f urther purification over a discontinuous gradient. The pellet was washed three times with PBS with partial resuspension and centrif ugation at 1500 ϫ g and then fixed with 4% paraformaldehyde and 2.5% glutaraldehyde in PBS for 30 min. After several washes, the material was collected by centrif ugation, treated en block with 1% osmium and 1% uranyl acetate, dehydrated, embedded, thin sectioned, and examined as above.
RESULTS

Morphology, distribution, and time course of appearance of dispersed and perinuclear vacuoles
In cells examined within 24 hr after transfection of truncated or full-length FLAG-huntingtin cDNAs, the cytoplasmic staining detected with FLAG antibody in many cells was reticular and consisted of very small discrete tubular structures (Fig. 1a , shown for truncated huntingtin). The immunoreactive vacuoles that appeared in a small proportion of cells had irregular shapes and sizes and occurred in the cell bodies and proximal and distal portions of neurites (Fig. 1b ,c, shown for truncated huntingtin). Some vacuoles had a ring-like appearance (Fig. 1d , e, f, g, shown for truncated and full-length huntingtin). In some cells, coalescence of vacuoles in the perinuclear region formed a single large complex (Fig. 1d , e, g, shown for truncated and full-length huntingtin). Vacuoles were also detected using Ab585, an antibody to an internal site in huntingtin (Fig. 1h) . Expression of an untagged huntingtin cDNA produced vacuoles detectable with Ab1, an antibody to the N terminus of huntingtin (Fig. 1i , shown for truncated huntingtin). The vacuole formation was specific to huntingtin expression, because overexpression of an unrelated protein, JIP1 (Yasuda et al., 1999) , bearing a FLAG tag at the N terminus produced diffuse cytoplasmic labeling but no vacuoles (Fig. 1h) . In a previous study, we showed that N-terminal huntingtin fragments were localized to vacuoles 24 -48 hr after transfection. We performed an experiment to see whether the appearance of dispersed and perinuclear vacuoles coincided with the generation of N-terminal fragments, which appeared at 9 hr and were maximal at 24 hr after transfection in Western blots (Kim et al., 1999a) . Cells were examined at 5, 7, 9, and 24 hr after transfection of the FLAG mutant huntingtin construct FH 3221 -100. At 5 and 7 hr, FLAG staining was cytoplasmic in 100% of labeled cells. At 9 hr, 7.6% of labeled cells had dispersed vacuoles. At 24 hr, 4.4% of labeled cells had dispersed vacuoles, and 11.8% displayed perinuclear vacuoles. (Additional experiments showed the same results and revealed that the perinuclear vacuoles could be detected as early as 18 hr with FH 3221 -100.) Critically, as found in our previous study (Kim et al., 1999a) , few cells with nuclear or cytoplasmic inclusions were found in the first 24 hr, accounting for only ϳ0.4% of the labeled cells at 24 hr. [Cells with inclusions are maximal 4 -6 d after transfection (Kim et al., 1999a) .] Thus, the formation of vacuoles and not inclusions coincided with the production of N-terminal huntingtin fragments.
Molecular characterization of huntingtin-positive vacuoles
To characterize the FLAG-huntingtin vacuoles, we colabeled cells with a variety of subcellular markers and analyzed them by confocal microscopy. FLAG-positive vacuoles were immunoreactive for cathepsin D, a marker for lysosomes (Fig. 2) , using two anticathepsin D antisera. Typically, in the double-labeled vacuoles, a rim of FLAG immunostaining surrounded a core of cathepsin D immunoreactivity with some overlap at the interface of the two markers. Relative to the well defined rim of FLAG labeling, the internal cathepsin D staining had a diffuse amorphous boundary. Because the lumen of the vacuole was accessible to cathepsin D antibody, it is unlikely that the absence of FLAG immunoreactivity in the core of the vacuole is attributable to incomplete access of FLAG antibody. FLAG-huntingtin and cathepsin D were localized in dispersed vacuoles (Fig. 2 , top row) and perinuclear vacuoles of intact cells (Fig. 2, middle rows) , and within condensed vacuoles that appeared in cell fragments (Fig. 2, bottom row) . Overall, cathepsin D labeling was increased in FLAG-positive cells that had vacuoles compared with untransfected cells in the same field. The average signal intensity of cathepsin D within vacuoles (see Materials and Methods) was significantly greater in cells expressing FH 3221 -100 (n ϭ 17 cells; p Ͻ 0.0001, for unpaired samples) compared with cells expressing FH 3221 -18 (n ϭ 13 cells) or FH 3221 -46 (n ϭ 15 cells) (Fig. 2, middle) . FLAG-huntingtin vacuoles were also occasionally labeled for transferrin receptor, a marker of the endosomal-recycling system (data not shown). This agreed with our previous observations in human control and HD fibroblasts that endogenous wild-type and mutant huntingtin associated with endosomal membranes (Velier et al., 1998) . We attempted additional characterization of the vacuoles with antisera to the late endosomal markers rab7 and the lysosomal membrane marker LAMP2, but the antisera did not produce staining in our cells. Vacuoles did not label with the endoplasmic reticulum (ER) marker calnexin, the cis/medial Golgi marker GM130 (Fig. 3a) , or with the trans-Golgi marker syntaxin 6 (data not shown). In some cells with extensive huntingtin-positive perinuclear vacuoles, Golgi membranes labeled with GM130 antisera were displaced from a perinuclear position (Fig. 3a, middle) , and/or labeling was reduced in extent (Fig. 3a , bottom) compared with cells with diffuse huntingtin expression (Fig. 3a, top) . Thus, huntingtin-enriched vacuoles were endosomal-lysosomal organelles and could affect Golgi organization.
Immunoreactivity for ubiquitin, proteasome, and HSP70 has been found in the nuclear inclusions formed by mutant huntingtin or other polyglutamine disease proteins DiFiglia et al., 1997; Paulson et al., 1997; Cummings et al., 1998; Chai et al., 1999) . We investigated whether ubiquitin, proteasome, and HSP70 were also associated with huntingtin-immunoreactive vacuoles. Ubiquitin labeling was not present in huntingtin-positive vacuoles, and its localization in the cytoplasm was similar in truncated huntingtin (i, arrow) . Expression of FLAG-JIP produces diffuse FLAG labeling in the cytoplasm with no vacuoles ( j). Cells were transiently transfected with FH 3221 -46 and examined after 18 (a-c) or 24 (d, e) hr. Cells in f and g were transfected with FH 9774 -18 or FH 9774 -100, respectively, and examined after 24 hr. Cells in h and i were transfected with FH 3221 -100 or H 3221 -100, respectively, and examined after 20 hr. In j, cells were transfected with an expression vector containing FLAG-JIP and examined after 24 hr. Cells were analyzed by confocal microscopy at 100ϫ under oil immersion. n, Nucleus. Overexpressed truncated FLAG-huntingtin in transfected clonal striatal cells, detected with a FLAG antibody, is localized in the cytoplasm in a meshwork of fine tubules (arrows) and punctate structures ( a), in dispersed vacuoles throughout cell bodies (b, c) and neurites (c, arrows), and in vacuoles coalesced in the perinuclear region (d, e, arrow) . Full-length FLAG-tagged huntingtin with a normal ( f) or expanded ( g) repeat also produce FLAG-positive vacuoles (arrows). Vacuolar staining can be obtained using huntingtin antibody Ab585 that recognizes an internal epitope of huntingtin (h, arrow). Huntingtin antibody Ab1 made to the N terminus detects vacuoles in cells expressing untagged (Figure legend continues) FLAG-negative and FLAG-positive cells (results not shown). Overall, similar results were obtained using an antibody against the whole proteasome complex (data not shown). In some cells, however, proteasome labeling was increased at the borders of condensed perinuclear vacuoles and rarely within the vacuoles (data not shown). Immunoreactivity for HSP70/HSC70 in the cytoplasm was not different in most cells expressing exogenous huntingtin compared with cells expressing only endogenous huntingtin (Fig.  3b, top) . However, in some cells with very large huntingtin-labeled vacuoles, HSP70/HSC70 staining was markedly increased in the cytoplasm surrounding the vacuoles (Fig. 3b, bottom) . The increase may be attributable to vacuole-induced displacement and accumulation of organelles, especially mitochondria that contain HSP70 family members (Kang et al., 1990 ) (see below).
Ultrastructure of cells expressing FLAG-huntingtin
To identify the subcellular structures associated with the accumulation of exogenous huntingtin, we analyzed by electron microscopy clonal striatal cells transfected with FLAG-huntingtin constructs containing 18, 46, and 100 glutamine repeats. Cells were fixed at 20 or 24 hr after transfection, labeled with FLAG antisera, and identified by immunoperoxidase (Fig. 4) or immunogold (Fig. 5) labeling. In general, labeled cells displayed marked enfolding of the nuclear membrane (Figs. 4b, d, 5f ) and perinuclear clustering and disruption of mitochondria. Labeled cells also contained a diverse group of autophagic vacuoles (Dunn, 1990a; Jia et al., 1997) , lysosome-like bodies, and tubulovesicular structures, which were not seen in unlabeled cells or in cells transfected with a FLAG-only construct (Fig. 4a) . The vacuoles and lysosome-like bodies were present throughout the cytoplasm and/or concentrated in perinuclear regions, similar to the distribution of dispersed and perinuclear FLAG-huntingtin-positive vacuoles seen by immunofluorescence. Immunoperoxidase label was more abundant in the cytoplasm of cells with fewer vacuoles than in cells with more vacuoles. The vacuoles had a variety of characteristics, including single-or double-limiting membranes (Figs. 4c, d, e, 5a, c) , electronlucent cores (Fig. 4d) , internal electron-dense vesicles (Figs. 4c, d , e, 5a), whorls of internal membranes (myelin bodies; finger-print profiles) (Fig. 4f ) , and occasionally internalized mitochondria and portions of cytoplasm. Some of the lysosome-like bodies had radiating filaments and resembled Lewy bodies (Fig. 5b) . Immunoperoxidase label was diffusely present in the cytoplasm (Fig. 4b) and on the limiting membranes of autophagic vacuoles (Fig. 4c) but was hard to discern inside vacuoles and lysosome-like bodies because of their electron-dense quality (Fig. 4b) . In immunogold-labeled cells, gold particles were seen within and around late autophagic vacuoles and the lysosome-like dense bodies with radiating filaments (Fig. 5a, b) . Early autophagosomes that were found in the extracellular space adjacent to labeled cells also contained gold particles within the lumen and on the limiting membranes of the vacuoles (Fig. 5c) . Gold label was more frequent in early autophagosomes (Fig. 5c ) than late autophagic vacuoles (Fig. 5a ). The latter may reflect a loss of epitope recognition attributable to digestion by cathepsins and other proteases. Gold particles were also dispersed in the matrix of the cytoplasm, at plasma membranes, especially sites of clathrin-coated pit invagination (Fig. 5d) , and on the inter- nal and limiting membranes of endosomes and multivesicular organelles (Fig. 5e) .
Tubulovesicular bodies that appeared in immunoperoxidaseand immunogold-labeled cells were present throughout the cytoplasm, near plasma membranes, in perinuclear locations, and in the extracellular space. Their widespread intracellular distribution corresponds to the reticulum of tubules observed with FLAGhuntingtin immunofluorescence (Fig. 1a) . In immunogold-labeled cells, gold particles were near or adjacent to the tubulovesicular bodies (Fig. 5f, g, h, i) . The size of the tubules and the buddingfusing vesicles connected to them was ϳ30 -50 nm. The vesicles, which appeared to be uncoated, were electron-dense, whereas the tubules were a mixture of electron-dense and electron-lucent (Fig.  5h, i) . Hypertrophy in some tubules gave them a ballooned appearance (Fig. 5i) .
Western blot analysis of the subcellular distribution of expressed full-length huntingtin, truncated huntingtin, and N-terminal huntingtin fragments
Subcellular fractions of cells transfected with full-length huntingtin were examined by SDS-PAGE and Western blot (Fig. 6) . Fraction P1 is a heterogenous mixture containing nuclei, ER remnants, large sorting-recycling organelles, and some cytoskeletal elements. Fraction S2 is expected to contain soluble elements of the cytosol, and fraction P2 should contain membranous organelles, including ER, Golgi, endosomes and small vesicles, lysosomes, mitochondria, and large particles such as ribosomes and proteasomes. Mutant fulllength human huntingtin and endogenous mouse huntingtin fractionated with similar relative distributions (Fig. 6b) and were both weakly present in P1 and strong in S2 and P2 (Fig. 6) . In contrast, the N-terminal huntingtin fragments of 80 -90 kDa in size, which were derived from the overexpressed mutant huntingtin, were detectable in P1 and P2 and were absent from S2 (Fig. 6b). [These cleaved N-terminal products were also absent in mock transfected cells (Fig. 6c ).] The P1 pellet represents a small fraction (Ͻ10%) of the total cellular protein; therefore, based on signal intensity of the Western blot that was derived from gels loaded with equal amounts of protein from each fraction, most of the N-terminal 80 -90 kDa fragments were in the membrane-enriched P2 fraction. The 80 -90 kDa fragments are of special interest because they are the size expected by cleavage at caspase sites in mutant huntingtin (Goldberg et al., 1996; Wellington et al., 1998) and are inhibited by the caspase inhibitor N-benzyloxycarbonyl-val-ala-asp-fluoromethyl ketone (Z-VAD-FMK) (Kim et al., 1999a) . In addition to their presence in intact cells, we found that N-terminal products of 80 -90 kDa had markedly accumulated in the protein extracts collected from the growth medium and washes of transfected cells, indicating that the 80 -90 kDa products were in "dead" cells or cell fragments that had been sloughed off (Fig. 6b, Debris) . Inclusion of the stacking gel in the transfer showed that all of the exogenously expressed human mutant huntingtin was resolved in our SDS-PAGE system. The results were identical with expression of wildtype huntingtin, except that the N-terminal products were smaller (60 -70 kDa) because of the normal polyglutamine repeat length. All results were confirmed in two sets of additional experiments. Subcellular fractions were also isolated from mouse striatal cells that expressed a FLAG-tagged truncated huntingtin or FLAGonly (Fig. 6c) . Transfection of FH 3221 -100 produced a fusion protein of the expected size of ϳ140 kDa in the same fractions as endogenous huntingtin (Fig. 6c) . In fraction P1, the level of the 140 kDa protein was stronger than the level of endogenous huntingtin or full-length FLAG-huntingtin (Fig. 6) . The N-terminal huntingtin fragments (especially the 80 and 90 kDa fragments) fractionated similarly to the fragments produced from the full-length protein and were present in P1 and P2 and absent from S2 (Fig. 6c) . There was an identical distribution of huntingtin and its N-terminal products seen with expression of truncated wild-type (18 glutamines) or mutant huntingtin with 46 glutamines (results not shown). The identity and purity of the fractions were confirmed by the detection of marker proteins, including calnexin for the ER, GM130 for the cis/medial Golgi (Nakamura et al., 1995) , transferrin receptor for the endosomal-recycling system, and cathepsin D for lysosomes, the C2 subunit of the proteasome, and HSP70/HSC70. Results confirmed that the major cellular components had fractionated as expected and did not change whether cells expressed FLAG only or the wild-type or mutant huntingtin proteins. It is noteworthy that the proteasome did not distribute to fraction P1, suggesting that the N-terminal fragments accumulated in fraction P1 were not irreversibly associated with the proteasome. Importantly, the biochemical data were consistent with the immunofluorescence and electron microscopy findings; a significant portion of the expressed huntingtin and the N-terminal huntingtin fragments were associated with a fraction (P2) containing membrane-bounded cytoplasmic organelles. Mutant huntingtin expressed in human neuroblastoma cell line SY5Y also cofractionated with endogenous human huntingtin and showed a pattern of subcellular distribution similar to that observed in the mouse clonal striatal cells (data not shown).
Although the total yield of protein (and hence N-terminal fragments) obtained from fraction P1 is much less compared with other fractions, we determined whether the N-terminal huntingtin fragments found in the P1 fraction were in the nucleus or were part of a structure in the cytoplasm. Nuclei were isolated from fraction P1 on a discontinuous iodixanol density gradient (Fig. 7a) and identified in fraction 3 using histone as a marker for nuclei (Fig. 7b) . The 140 kDa truncated huntingtin protein was weakly detected in fraction 3, but the N-terminal products including the prominent 90 kDa product were not found in fraction 3 (Fig. 7b) . This result showed that N-terminal huntingtin products derived from truncated huntingtin had segregated with a cytoplasmic component of the P1 fraction.
Electron microscopy of fraction P1
To determine which cytoplasmic components in the P1 fraction might be associated with N-terminal huntingtin fragments, we examined P1 fractions obtained from cells expressing FH 3221 -18, FH 3221 -46, and FH 3221 -100 or FLAG only by electron microscopy. We found electron-dense lysosome-like bodies and tubulovesicular profiles around intact nuclei (Fig. 8a) in the fractions from cells expressing wild-type and mutant huntingtin but not in cells with FLAG only. The lysosome-like dense bodies were surrounded by vesiculated tubules and one or two limiting membranes and groups of cisternae (Fig. 8b) . These results suggested that the N-terminal huntingtin products in the P1 fraction were associated with dense membranous organelles.
Proteolysis of huntingtin and its N-terminal products
Some of the expressed huntingtin and most of its N-terminal fragments had segregated to fractions with membrane-bound organelles (fractions P1 and P2). To determine whether the expressed huntingtin was on the outside of membrane-bound organelles or internalized to them, we treated homogenates from cells expressing FH 3221 -100 with increasing concentrations of ␣-chymotrypsin. Huntingtin and its N-terminal products were almost entirely susceptible to cleavage by ␣-chymotrypsin (Fig. 7c) , indicating that most of the protein was on the cytosolic surface of membranous organelles or free in the cytoplasm. A small amount of the remaining huntingtin succumbed to degradation with the addition of a mild detergent (0.4% Triton X-100), suggesting that a portion of the expressed huntingtin was enclosed within a membrane.
DISCUSSION
This study found that the cytoplasmic accumulation of human wild-type or mutant huntingtin in clonal mouse striatal cells induces activation of the endosomal-lysosomal system and autophagy. Increased endosomal-lysosomal activity may have occurred to remove excess protein, in response to abnormal direct effects of huntingtin on membrane morphology, and/or because wild-type and mutant huntingtin normally associate with endosomes (Velier et al., 1998) . Our results help to explain the preponderance of endosomal-lysosomal-like organelles and tubulovesicular structures that label for huntingtin in the HD brain compared with the control brain and the numerous multivesicular bodies, endosomes, and lysosomes observed in biopsy tissue from HD patients examined in the 1970s (Tellez-Nagel et al., 1975; Roizin et al., 1979) . In our study, transfected cells that developed huntingtin-positive vacuoles became shrunken and developed nuclear invaginations, which are features seen in the HD brain (Tellez-Nagel et al., 1975; Roizin et al., 1979) , in HD transgenic mice , and in cells undergoing autophagy (Hornung et al., 1989; Ohsawa et al., 1998) .
We show that cytoplasmic vacuoles that accumulate exogenous wild-type and mutant huntingtin (Kim et al., 1999a ) are autophagosomes. Early autophagic vacuoles or autophagosomes form when cytosolic constituents, which have been sequestered into endo- somes, become enveloped by rough or smooth ER membranes. The autophagosome matures to a degradative vacuole or autolysosome by acquiring a single-limiting membrane and lysosomal enzymes and acid hydrolases (Dunn, 1990a,b) , which make them electrondense. Some autolysosomes may present as sacs of membrane whorls or multivesicular bodies and can be extruded from cells (Jia et al., 1997) as we also observed. Many of the huntingtin-positive vacuoles had a single-limiting membrane, were multivesicular with electron-dense vesicles, and contained cathepsin D. Cathepsin D labeling was significantly more intense in vacuoles that expressed huntingtin with the largest polyglutamine expansion (100 glutamines). If increasing levels of cathepsin D are an index of vacuole maturation, then expression of mutant huntingtin may accelerate vacuole formation. This finding could explain why there are more cell fragments with vacuoles after expression of highly expanded mutant huntingtin than wild-type huntingtin (Kim et al., 1999a) . Unlike inclusions, huntingtin-positive vacuoles expressed little or no immunoreactivity for ubiquitin, proteasome, or HSP70, which are involved in the removal of misfolded proteins (Buchner, 1996; Lee and Goldberg, 1998) . Huntingtin may associate with these proteins at other subcellular sites, however.
Autophagy regulates normal cell growth and differentiation through the degradation of cytosolic proteins (Dunn, 1990a ; Hollenbeck, 1993; Liang et al., 1999) but can also be activated by apoptotic stimuli (Xue et al., 1999) . Ohsawa and colleagues (1998) found that PC12 cells deprived of serum or NGF showed a rapid rise in autophagosomes and cathepsin D-labeled granules in the early stages of apoptosis and suggested that autophagy and cathepsin D might be early positive regulators of apoptosis. Basal levels of autophagy can increase the sensitivity of some cells to apoptotic stimuli (Jia et al., 1997) . This could be a basis for the selective vulnerability of some neuronal populations to neurodegeneration in HD. The signaling pathways that regulate autophagy in neurons are poorly understood but in yeast use a nonubiquitin protein conjugation system (Mizushima et al., 1998) and have biochemical overlap with mammalian proteins involved in secretion and endocytosis (Gerrard et al., 2000; Yoshimori et al., 2000) . The overproduction of autophagosomes in a disease state, such as HD, could also interfere with normal membrane trafficking events in the cell, depleting membrane receptor proteins from the cell surface and draining lipid resources. Displacement of Golgi membranes and mitochondria by vacuoles could affect the function of these organelles (Dudani et al., 1990; Lippincott-Schwartz et al., 1991; Evtodienko et al., 1996; Xue et al., 1999) . Increased endosomelysosome activity has been implicated in the pathology of other neurodegenerative diseases, including Alzheimer's disease (Cataldo et al., 1996) and prion diseases (Boellaard et al., 1991; Laszlo et al., 1992; Taraboulos et al., 1992) , and the coexistence of (a, b, d, f, g, h) or transfected with FH 3221 -100 and then fixed and stained after 24 hr (c, e, i) . a, Gold deposits appear within autophagosomes (top arrows) and in the nearby cytoplasm (bottom right arrow). b, Lysosome-like bodies with radiating filaments (arrowheads) are enveloped with cisternae and limiting membranes (long arrows). Gold particles are scattered within the filamentous matrix of the organelle (short arrows). Mitochondria with disrupted cisternae are to the left of the organelle. c, Extracellular early autophagosomes with double membranes show gold particles in the lumen (long arrows) and along the cytoplasmic face of the outer limiting membrane (short arrows). d, Gold label (arrows) appears along the cell surface and at clathrin-coated vesicles and invaginations. e, Gold deposits (arrows) appear on the limiting membrane and within the lumen of an early endosomal-multivesicular organelle. f, Tubulovesicular network composed of electron-dense vesicles and tubules appears in the perinuclear region. Nucleus is indented (arrow). g, Higher magnification of boxed region in f. Immunogold is present in the cytoplasm (short arrows), and electron-dense segments of tubules are clearly visible (open arrow). h, i, Gold particles (arrows) are attached or near electron-dense tubulovesicular organelles. h, A tubulovesicular body in the peripheral cytoplasm. i, A tubulovesicular body with ballooned segment located in the extracellular space. Gold particle is on tubule (arrow). Note that some tubules are electronlucent and electron-dense, whereas the vesicles are electron-dense. Scale bars: a-e, h, i, 0.2 m; f, 2 m, g, 0.5 m.
features of autophagy and apoptosis has been seen in substantia nigra neurons in Parkinson's disease (Anglade et al., 1997) . Vacuoles have been observed in cells expressing other polyglutamine containing disease proteins, but their role in pathogenesis is unclear (Clark et al., 1997; Paulson et al., 1997) .
Biochemical analysis showed that at least half of the total expressed huntingtin and most of the N-terminal huntingtin fragments were present in membrane fractions in which endosomes and lysosomes segregate. These data were consistent with immunofluorescence, immunogold, and ␣-chymotrysin digestion assays, suggesting that huntingtin was on or near the limiting membranes of autophagic vacuoles. The high concentration of N-terminal huntingtin fragments associated with autolysosomes suggests that lysosomal proteases could be involved in huntingtin proteolysis. The integrity of vacuoles could be compromised by excess huntingtin and release proteases in a manner similar to that seen in neuroblastoma cells that have taken up toxic A␤1-42 peptide (Yang et al., 1998) . Lysosomes treated with a membrane-permeabilizing Figure 6 . Biochemical analysis of subcellular fractions from cells expressing full-length mutant huntingtin or truncated mutant huntingtin. a, Scheme for subcellular fractionation using differential centrifugation with expected distribution of organelles. CH, Crude homogenate; S1, 2000 ϫ g supernatant; P1, 2000 ϫ g pellet; S2, 100,000 ϫ g supernatant; P2, 100,000 ϫ g pellet. b, Western blot shown at different exposures was probed with anti-huntingtin antisera Ab1. Protein fractions were from cells expressing FH 9774 -100. Cells were collected 24 hr after transfection. Twenty-five micrograms of protein were loaded per lane. Mutant huntingtin (Human) appears slightly above the normal endogenous (Mouse) protein in P1, S2, and P2. Bottom panels show enlargements of the two full-length bands from S2, P1 (longer exposure), and P2. N-terminal fragments are evident at longer exposures. The 90 kDa fragment derived from overexpressed mutant huntingtin is present in P1 and P2 but not S2, and abundantly in cellular debris recovered from the growth medium and washes that were pooled, centrifuged, and resuspended in 100 l of homogenization buffer, 3 g loaded. The stacking gel was included in the transfer to nitrocellulose and shows no protein. Apparent molecular weight is indicated in kilodaltons. c, Analysis of truncated huntingtin and its N-terminal huntingtin fragments from cells transfected with plasmid encoding FLAG only (MOCK ) or transfected with FH 3221 -100. Cells were collected 24 hr after transfection. Fifteen micrograms of protein were loaded per lane. The identity and purity of the fractions was assessed with various markers: calnexin for the ER, GM130 for the cis/medial Golgi, transferrin receptor for endosomal-recycling compartments, and cathepsin D for lysosomes. ␤-tubulin was used to detect the presence of cytosolic constituents. Proteasome and HSP70 distribution are also shown. Apparent molecular weight is indicated in kilodaltons on the left. In blots probed with Ab1, endogenous full-length huntingtin (Mouse) is at the top, and a cleaved endogenous huntingtin fragment migrates at 50 kDa (Mouse). The expressed truncated huntingtin protein runs at the expected size of ϳ140 kDa (top right arrow, Human) and as a modified form at ϳ175 kDa. The 140 and 175 kDa proteins are present in S1, P1, S2, and P2, whereas the 90 kDa N-terminal product (bottom right arrow, Human) is present in P1 and P2 but not S2. agent release proteases and activate caspase 3 (Ishisaka et al., 1998) , a proapoptotic caspase known to cleave huntingtin near its N terminus (Goldberg et al., 1996; Wellington et al., 1998) . Cathepsin B activates caspase 3 at a neutral pH, compatible with a function in the cytosol or on membrane surfaces (Schotte et al., 1998) . Caspases and cathepsin B are both sensitive to relatively low concentrations of the broad-acting caspase inhibitor Z-VAD-FMK (Schotte et al., 1998) . This raises the possibility that the blockade of huntingtin proteolysis by Z-VAD-FMK (Kim et al., 1999a) involves inhibition of cathepsins. We speculate that, in HD neurons, lysosomes involved in mutant huntingtin degradation release proteases that activate caspase 3 and result in cleavage of N-terminal huntingtin.
The marked tubulation of membranes seen in cells expressing either wild-type or mutant huntingtin was unexpected and may provide clues to a membrane-associated function of huntingtin. The appearance and distribution of the tubulovesicular structures suggested that they are early and recycling endosomes (Stoorvogel et al., 1996; Prekeris et al., 1999) . In human fibroblasts, huntingtin associates with endosomal membranes containing clathrin (Velier et al., 1998) The low speed pellet (P1) was fractionated on a discontinuous iodixanol density gradient as described in Methods and Materials. Fractions are as follows: CH, crude homogenate; S1, 2000 ϫ g supernatant; P1, 2000 ϫ g pellet; fraction 1, 25% iodixanol step; fraction 2, 30% iodixanol step; fraction 3, 30%/35% interface; fraction 4, 35% iodixanol step. b, Western blots of fractions probed with anti-huntingtin antisera Ab1. Twenty microliters from each fraction was loaded per lane. Nuclear fraction (fraction 3) was identified using histone as a marker and contained the 140 kDa truncated huntingtin but not the N-terminal 90 kDa fragment. Apparent molecular weight is indicated in kilodaltons on the left. c, Western blots of equal volumes of crude homogenates (CH). The crude homogenate was treated with varied amounts of ␣-chymotrypsin for 30 min on ice, stopped with 2 l of 200 mM PMSF, and then analyzed by Western blot. al., 1996), which blocks assembly of coat proteins (clathrin, ␤-cop) onto membranes (Donaldson et al., 1991; de Figueiredo and Brown, 1995) and in cells overexpressing suppressor of K ϩ transport growth defect 1 (SKD1), a protein involved in endosome transport (Yoshimori et al., 2000) . We showed previously that, in clonal striatal cells treated with forskolin or a D1 receptor agonist, endogenous huntingtin was recruited with clathrin to plasma membranes and localized to clathrin-coated vesicles, supporting a role for huntingtin in endocytosis (Kim et al., 1999b) . In the present study, we found immunogold labeling for the expressed FLAGhuntingtin on clathrin-coated vesicles at plasma membranes. Huntingtin interacts with proteins thought to be involved in endocytosis, including huntington interacting protein 1 (HIP1) (Kalchman et al., 1997; Wesp et al., 1997) , ␣-adaptin C (Faber et al., 1998) , and SH3GL3 (Sittler et al., 1998) . Another huntingtin binding partner, huntingtin-associated protein 1 (HAP1), localizes to membranebound organelles, tubulovesicular bodies, and budding vesicles (Martin et al., 1999) and may mediate vesicle transport by microtubules . HIP1, SH3GL3, and HAP1 interact differently with wild-type and mutant huntingtin (Li et al., 1995; Kalchman et al., 1997; Sittler et al., 1998) . Collectively, these observations suggest that the accumulation of mutant huntingtin in HD induces tubulation and other changes in endosomal membranes that could affect neuronal function.
Despite the high levels of expression achieved with transient transfection, the subcellular distributions of exogenous wild-type and mutant huntingtins were remarkably similar to each other and to the endogenous huntingtin by subcellular fractionation and Western blot analysis. These findings are consistent with data from HD brain showing that the mutant protein is transported and expressed similarly to wild-type in neurons . We examined an early post-transfection period during which cells expressed mutant protein mainly in the cytoplasm and rarely had nuclear inclusions or evidence of SDS-insoluble products on Western blot. These results suggest that mutant huntingtin could accumulate in the cytoplasm and cause affects on membrane trafficking without mistargeting or aggregating.
In conclusion, the expression of wild-type or mutant huntingtin in the cytoplasm of clonal striatal cells caused a variety of effects on the endosomal-lysosomal system, including autophagy and membrane tubulation. We speculate that these changes contribute to the marked cellular dysfunction that occurs in HD neurons. Our data suggest that the endosomal-lysosomal pathway is the main pathway for removal of excess huntingtin and that lysosomal activity may regulate the cleavage of N-terminal fragments that later aggregate in nuclear and cytoplasmic inclusions of HD neurons. Although relatively little huntingtin reached the nucleus in our cells, it may have had some effects on cell function (Saudou et al., 1998) . Nevertheless, our results strongly suggest that a significant contribution to neuropathology in HD involves an autophagic process that is induced by the cytoplasmic accumulation of mutant huntingtin.
